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Description

[0001] The present invention relates to an electric double layer capacitor, particularly an electric double layer capac-
itor suitable for an application which requires a high output.

[0002] The electric double layer capacitor is based on a principle to store electric charge in an electric double layer
formed at the interface between a polarizable electrode and an electrolyte. It is possible to carry out quick charging and
discharging with a larger current as compared with a cell, and application to the field of energy has been actively studied
in recent years. For example, a capacitor which provides a large capacitance and a high output has been proposed in
JP-A-8-45793. As a specific application, an attention has been drawn to the application to a electric car or a hybrid car.
For such an application, it is required to develop a power source operating at a high output density of 500 W/kg in near
future, and 1500 W/kg ultimately, as target values set by the Department of Energy, U.S.A. (A.F. Burke et. al., Material
Characteristics and the Performance of Electrochemical Capacitors for Electric/hybrid Vehicle Applications, Materials
Research Society Spring Meeting, San Francisco, CA, 1995.4.17-21).

[0003] The specific gravity of an electric double layer capacitor cell may depend upon the structure or the housing.
However, when an unnecessary space is removed and the housing is made light, it is usually from about 1.4 to about
1.8 g/em?®. Accordingly, by calculating the output density as the output per volume, 500 W/kg, 1000 W/kg and 1500
W/kg correspond to about 800 W/L, about 1600 W/L and about 2400 W/L, respectively. Heretofore, many reports have
been made about the initial performance of an electric double layer capacitor capable of being used at such a high out-
put density. However, for an application to an electric car or the like, charging and discharging cycle reliability such as
durability against 50,000 cycles of charging and discharging at large current is required, and an electric double layer
capacitor having not only a high output density but also such a high reliability has not yet been obtained.

[0004] As an electrolyte for an electric double layer capacitor, an organic electrolyte and an aqueous electrolyte are
available. However, an attention has been drawn to an electric double layer capacitor employing an organic electrolyte,
as the operating voltage is high, and the energy density in the charged state can be made high. In the case where an
organic electrolyte is employed, in order to improve the capacitance per unit area of an electric double layer capacitor
(hereinafter referred to as capacitance density), a carbon material such as activated carbon is used. If water is present
in the cell of an electric double layer capacitor, the performance tends to deteriorate due to electrolysis of the water.
Accordingly, the electrode is generally subjected to heat treatment under reduced pressure to sufficiently remove water.
[0005] As a method of preparing the electrode, a method may, for example, be mentioned, wherein a carbon fine pow-
der is dispersed in a solution having a binder such as carboxymethylcellulose dissolved in a solvent, to form a slurry,
which is then coated on a current collector, followed by drying to form an electrode layer on the current collector. How-
ever, with this method, the bonding strength between the electrode and the current collector is weak. Further, since heat
resistance of the binder is not adequate, the heat treatment can not be applied to the electrode at such a high temper-
ature that the impurities in the electrode such as water can be adequately removed. Further, with this method, for exam-
ple, in a case where the electrode is made of a thick film of at least 60 um, it is difficult to uniformly remove the solvent
from the slurry by drying, and it is difficult to form an electrode layer which provides a high strength, a low resistance, a
high density and a high capacitance on the current collector with high productivity.

[0006] Further, a method has been proposed, which comprises preliminarily molding a kneaded material comprising
a carbonaceous material such as activated carbon, a binder such as polytetrafluoroethylene (hereinafter referred to as
PTFE) and a liquid lubricant, and forming it into a sheet by stretching or rolling to obtain an electrode (JP-A-63-107011,
JP-A-2-235320). According to the method, as PTFE is formed into fibers, the ion conduction is not likely to be inhibited,
and the carbonaceous material is filled highly densely. With regard to the bonding of the electrode and the current col-
lector, by bonding them by means of an electroconductive adhesive layer, the bonding strength can be made high and
the electrical contact resistance can be made small. Further, as PTFE is thermally and electrochemically stable, an
electric double layer capacitor which provides high reliability, a high capacitance and a low resistance, can be consti-
tuted.

[0007] However, in an application wherein it is required to carry out charging and discharging with a large current, it
is necessary to further decrease the resistance of the electrode, and it is effective to make the electrode thin. However,
in the above electrode, PTFE is randomly formed into fibers by kneading, and a part of PTFE is formed into fibers and
the rest is not. Therefore, when forming the electrode into a sheet having, for example, a thickness of at most 200 um,
the surface tends to be irregular, and holes are likely to be formed. Therefore, the capacitance density of the electric
double layer capacitor can not be made large, and the internal resistance can not be sufficiently decreased.

[0008] To solve such problems, the present inventors have proposed a method which comprises extruding a mixture
comprising a carbonaceous material, PTFE and a processing aid by screw extrusion, followed by rolling, to obtain a
porous electrode sheet having a high strength and a thickness of at most 200 um (JP-10-19758). According to the
method, an electrode sheet can be continuously obtained industrially with high productivity.

[0009] The present inventors have established a technique to easily control the thickness of the electrode sheet of
high strength by the above-mentioned method for producing an electrode. It is an object of the present invention to pro-
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vide an electric double layer capacitor for power source, particularly an electric double layer capacitor source, particu-
larly an electric double layer capacitor which provides a high output density and a high energy density and which is
excellent in charging and discharging cycle durability, by utilizing the technique. The present invention provides an elec-
tric double layer capacitor comprising a positive electrode assembly and a negative electrode assembly, each electrode
assembly having a porous layer comprising a carbonaceous powder and a fluorine-containing polymer formed on at
least one side of an aluminum foil current collector, the positive electrode assembly and the negative electrode assem-
bly being disposed so that the porous layer of the positive electrode assembly and the porous layer of the negative elec-
trode assembly face each other with a separator interposed therebetween to form an element, the element being
impregnated with a non-aqueous electrolyte and accommodated in a sealed container, wherein the thickness of the
porous layer is from 80 to 200 um, the thickness of the aluminium foil current collector is from 20 to 80 um, the thickness
of the separator is from 30 to 170 um, and the density of the porous layer is from 0.50 to 0.80 g/cm®.

[0010] In the accompanying drawings:

Figure 1 is a diagram illustrating the relation between the thickness of the porous layer and the energy density in
Working Examples and Comparative Examples of the present invention.

Figure 2 is a SEM picture of the porous layer surface of the present invention with a magnifying power of 3,000.
Figure 3 is a SEM picture of the porous layer surface of the present invention with a magnifying power of 10,000.

[0011] In the present specification, an assembly having an electrode layer made of a porous layer comprising a car-
bonaceous powder and a fluorine-containing polymer formed on one side or both sides of an aluminum foil collector, is
referred to as an electrode assembly. When the electrode assembly is used on a positive electrode side,

it will be referred to as a positive electrode assembly, and when used on a negative electrode side, it will be
referred to as a negative electrode assembly.
[0012] With regard to the porous layer in the present invention, the specific surface area of the carbonaceous powder
is preferably from 700 to 2500 m2/g, and the main component is preferably an activated carbon powder. If the specific
surface area of the carbonaceous powder is less than 700 m?/g, the capacitance of the electric double layer capacitor
tends to decrease. If it exceeds 2500 m?/g, it tends to be difficult to form the electrode with high density. Consequently,
the capacitance per unit volume of the electrode becomes low. It is particularly preferably from 1000 to 1800 m?/g. Fur-
ther, besides an activated carbon powder, a material having a large specific surface area such as carbon black or poly-
acene may be preferably used. Particularly, it is preferred to mix an activated carbon powder having a high specific
surface area and carbon black being highly electroconductive as an electroconductive material. In this case, it is pre-
ferred that carbon black is contained in the electrode layer in an amount of from 5 to 20 wi%.
[0013] The current collector to electrically connect the porous layer, may be any material which is excellent in electro-
conductivity and has electrochemical durability, and a valve metal such as aluminum, titanium or tantalum, a stainless
steel or the like may be used. Among these, aluminum is preferred since it has a small specific gravity, it is excellent in
electroconductivity and is electrochemically stable.
[0014] As the shape of the current collector, a foil is preferred since it is cheap. In a case where it is required to
strengthen the bonding with continuous fine porous layer, a punching metal or an expanded metal may be optionally
used. Further, it is possible to apply a treatment such as etching to the current collector foil to make the surface rough.
[0015] Inthe present invention, the thickness of the porous layer to be bonded to one side of the aluminum foil current
collector is from 80 to 200 pum. If it is less than 80 um, the content of the carbonaceous powder per unit volume of the
electric double layer capacitor element tends to be small, thereby the capacitance density tends to be small. On the
other hand, if it exceeds 200 um, the resistance of the porous layer tends to be high, thereby the loss by high output
charging and discharging increases and the energy density becomes low. The thickness of the porous layer is particu-
larly preferably from 100 to 180 um.
[0016] Inthe present invention, the thickness of the aluminum foil current collector is from 20 to 80 um. If it is less than
20 um, the strength of the current collector tends to be low, and the strength of the electrode assembly tends to be low,
whereby the yield in the production of the electric double layer capacitor tends to be low, or operation failure is likely to
result due to stress such as extraneous vibration during the use of the electric double layer capacitor. If the thickness
of the aluminum foil current collector exceeds 80 um, the content of the aluminum foil current collector per unit volume
of the electric double layer capacitor element tends to increase, and the content of the carbonaceous powder relatively
decreases, whereby the capacitance density becomes low, the output density becomes low or the energy density
becomes low. The thickness of the aluminum foil current collector is preferably from 30 to 60 um.
[0017] Inthe present invention, the thickness of separator is from 30 to 170 um. If it is less than 30 um, pinholes are
likely to exist in the separator, thus leading to microshort-circuiting between electrodes, whereby the leakage current
increases and a voltage-holding property decreases. If the thickness of the separator exceeds 170 um, the voltage-
holding property is likely to be secured. However, the content of the separator per unit volume of the electric double
layer capacitor element increases, and the content of the carbonaceous powder relatively decreases, thereby the
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capacitance density becomes low, the output density becomes low or the energy density becomes low. Accordingly, it
is preferred to select the material and the thickness of the separator depending upon the voltage-holding property, in
addition to the output density and the energy density for a capacitor.

[0018] For example, the electric double layer capacitor of the present invention is used as combined power source
with a solar cell, whereby charging and discharging cycles are carried out everyday, the separator is preferably a sheet
having a thickness of from 30 to 80 um, and the material is preferably a synthetic resin such as a porous polypropylene
or cellulose. A cellulose sheet is particularly preferred since it is strong and cheap. A rayon paper is particularly pre-
ferred since it has a low resistance and a high strength. Further, it is preferred that two or more of the sheets having a
thickness of from 20 to 40 um are used, for example, to form a separator having a thickness of from 40 to 80 um com-
prising a plurality of sheets overlaid one on another, since the leakage current can be effectively decreased.

[0019] Further, for an application wherein long-term storage of from several days to more than one month is required,
the voltage-holding property has to be particularly high. Therefore, it is preferred that the separator is a sheet having a
thickness of from 60 to 170 um and made of glass fiber, cellulose or porous polypropylene. Among these, a glass fiber
mat is preferred as it is excellent in heat resistance, oxidation resistance and solvent resistance, whereby particularly
the voltage-keeping property and large current charging and discharging cycle durability can be made high.

[0020] ltis preferred that the glass fiber mat is made of a fiber having a maximum fiber diameter of at most 10 um, as
the strength can be made high. However, even the glass fiber mat is not sufficient in strength, and it is hardly formed
into a thin film having, for example, a thickness of less than 140 um. Accordingly, a fluororesin such as polyfluorovinyli-
dene, which has heat resistance and is electrochemically stable, may be incorporated as a binder for the glass fiber, in
an amount of from 0.2 to 5 wit%. Further, as in the case of carrying out charging and discharging cycles everyday, it is
preferred that two or more of the sheets having a thickness of from 20 to 80 um are used to form, for example, a sepa-
rator having a thickness of from 60 to 170 um comprising a plurality of sheets overlaid one on another, since the leakage
current can be efficiently reduced.

[0021] In the present invention, the density of the porous layer is from 0.50 to 0.80 g/cm?. If the density is less than
0.50 g/cm®, the capacitance of the electrode tends to be low. If it exceeds 0.80 g/cm?, the electrolyte is less likely to be
impregnated to the porous layer, or the resistance tends to increase. It is preferably from 0.60 to 0.70 g/cm?®.

[0022] In the present invention, the ratio of the fluorine-containing polymer in the porous layer is preferably from 5 to
20 wi%. And when the fluorine-containing polymer is contained in an amount of at least 5 wi%, a practical strength of
the electrode sheet can be obtained. However, if it is contained too much, the resistance of the porous layer increases.
Accordingly, it is preferably at most 20 wi%. It is more preferably from 7 to 15 wi%.

[0023] As the fluorine-containing polymer in the present invention, PTFE is preferred. PTFE is formed into fibers,
thereby the porous layer which has low resistance and high strength, and continuos fine pores can be obtained. Here,
PTFE of the present invention includes not only a homopolymer of the tetrafluoroethylene but a copolymer obtained by
adding at most 0.5 mol% of another monomer to tetrafluoroethylene, followed by copolymerization. When the polymer
units based on another monomer is at most 0.5 mol%, the melt fluidity is not given to PTFE, and it is possible to form
the copolymer into fibers to prepare an electrode sheet having a high strength and a low resistance, just like the
homopolymer of tetrafluoroethylene.

[0024] As another monomer, hexafluoropropylene, chlorotrifluoroethylene, perfluoro(alkyl vinyl ether), trifluoroethyl-
ene or (perfluoroalkyl)ethylene may, for example, be mentioned.

[0025] It is preferred that the porous layer in the present invention is obtained by extruding a mixture comprising a
carbonaceous powder, PTFE and a processing aid such as an organic solvent by screw extrusion, followed by rolling
by rolling rolls to form it into a sheet. It is preferred to conduct the rolling by rolling rolls in the same direction as the extru-
sion direction of the screw extrusion, as PTFE is formed into fibers in both length and breadth direction to have a three-
dimensional structure. The electrode sheet obtained by the above method has a high strength, as PTFE is adequately
formed into fibers. For example, a sheet made of a thin porous layer having a thickness of about 70 um, can be contin-
uously produced industrially with a high speed. Further, it is possible to continuously bond the obtained sheet with the
aluminum foil current collector.

[0026] With regard to the porous layer in the present invention, it is preferred that the fluorine-containing polymer is
formed into fibers to have a three-dimensional network structure, and the carbonaceous powder is supported by the
network structure and they are mutually bonded. The fibers of the fluorine-containing polymer are produced when the
extraneous stress is applied to the fluorine-containing polymer, such as kneading or extruding the fluorine-containing
polymer and the carbonaceous powder with the processing aid. The fibers are three-dimensionally expanding connect-
ing the knots made of the fluorine-containing polymer.

[0027] The diameter of the fibers, the length of the fiber connecting two knots, density or the like depend on the form-
ing conditions. In the present invention, it is preferred that the fibers comprising fibers having a diameter of at most 0.1
um and a length of at least 2 um, when observed by a scanning electron microscope (hereinafter referred to as SEM)
with a magnifying power of 10,000, are used. Further, it is prefered that at least 50% particularly at least 80% of the total
volume of the fibers is occupied by fibers having a diameter of from 0.01 to 0.05 uym and a length of from 3 to 20 pm.
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Further, it is preferred that the density of fibers is such that from 2 to 20 fibers exist per 10 um width in a direction per-
pendicular to the longitudinal direction of the fiber.

[0028] The higher the density of the fibers is, the more the strength of the fibers improves. However, in a case where
an adequate amount of the carbonaceous powder is contained in the porous layer so that the capacitance of the electric
double layer capacitor can be made adequately large, it tends to be difficult to make the density of the fibers high. Sim-
ilarly, in a case where an adequate amount of carbonaceous powder is contained in the porous layer, the fibers having
a diameter of larger than 0.1 um or a length of shorter than 2 um are less likely to form. Further, if the majority of the
fibers contained in the porous layer are fibers having a too small diameter or a too long length, the strength tends to be
weak.

[0029] Examples of SEM pictures of the porous layer surface are shown in Figure 2 and Figure 3. Figure 2 and Figure
3 are pictures observed with a magnifying power of 3,000 and 10,000, respectively. Particles having a large diameter
are activated carbon and particles having small diameter of at most 0.1 um are carbon black as an electroconductive
material. Fibrous material is PTFE.

[0030] In the present invention, it is preferred that the electrode sheet made of the porous layer is bonded to the alu-
minum current collector by means of an electroconductive adhesive. As the electroconductive adhesive, an adhesive
made of an electroconductive material of carbon black or fine graphite and a thermosetting resin binder is preferred
since it has a strong adhesion and heat stability. As the thermosetting resin binder, a polyamideimide resin is preferred
since it is excellent in heat resistance and adhesion.

[0031] Electrochemical or thermal changes such as deterioration, peeling and swelling are less likely to be brought
about to the electrode assembly obtained by using the electroconductive adhesive even under severe conditions.
Accordingly, the electric double layer capacitor having the electrode assembly is excellent in a long-term voltage-appli-
cation durability, charging and discharging cycle reliability and cold resistant cycle reliability.

[0032] In the present invention, the porosity of the separator is preferably from 60 to 95%. If the porosity is less than
60%, the electrolyte-absorbing and holding properties tend to be inadequate, thereby the resistance of the separator
tends to be high. If the porosity exceeds 95%, mechanical strength of the separator tends to be inadequate, thereby
breaks are likely to result when producing an electric double layer capacitor cell or internal short-circuiting is likely to
result. Particularly for a use as a power source, the porosity of the separator is preferably from 70 to 90%.

[0033] In the present invention, the resistance per unit area of the electrode assembly is preferably from 3 to 9 Q « cn?
and the resistance per unit area of the separator is preferably at most 2 Q - cm? in a state where the electrode assembly
is impregnated with the electrolyte. If the resistance per unite area of the electrode assembly exceeds 9 Q-+ cm?, the
resistance of the electric double layer capacitor element tends to be high, thereby the capacitor having a high output
density is less likely to be obtained. To make the resistance per unit area of the electrode assembly less than 3 Q « cm?,
it is required to make the thickness of the porous layer extremely thin or to make the amount of the electroconductive
material in the porous layer large Consequently, the amount of the carbonaceous powder contained in electric double
layer capacitor per unit area becomes small, the capacitance of the electric double layer capacitor element becomes
low, and the energy density becomes low. Particularly, the resistance per unit area of the electrode assembly is prefer-
ably from 3.5 0 6 Q + cm?.

[0034] If the resistance per unit area of the separator exceeds 2 Q « cm?, the resistance of the electric double layer
capacitor element becomes high, thereby an electric double layer capacitor having a high output density can not be
obtained. In order to achieve such a resistance per unit area, it is important to select the best combination of e.g. mate-
rial and structure of the separator, composition and structure of the electrode, and composition of the electrolyte.
[0035] The measuring method of the resistance per unit area of the electrode assembly and the separator in the
present invention are as follows.

(1) The element 1 is formed by impregnating an electrolyte to a positive electrode assembly and the negative elec-
trode assembly which are made of the same electrode assembly, disposed to face each other with a separator
interposed therebetween, and the discharging resistance is measured.

(2) The element 2 is formed in the same manner as in the element 1, except that two sheets constituting the sep-
arator in the element 1 are used to form a separator comprising two sheets overlaid one on the other, and the dis-
charging resistance is measured.

(3) The resistance of the electrode assembly and the resistance of the separator are calculated from (1) and (2),
and each value of resistance per unit area is obtained.

[0036] Two kinds of elements are used above, and it is also possible to form an element wherein three sheets are
used to form a separator comprising a plurality of sheets overlaid one on another, and to calculate the value of resist-
ance of the electrode assembly and the separator from resistance of at least three kinds of the elements.

[0037] The non-aqueous electrolyte to be used for the electric double layer capacitor in the present invention is not
particularly limited, and an electrolyte having an ion-dissociative salt dissolved in a known organic solvent can be used.
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Among these, an organic electrolyte having dissolved in an organic solvent a salt comprising a quaternary onium cation
represented by R'R®R®R*N* or R'RZR3R*P*, wherein each of R', R2, R®, R* which are the same or different, is a C4.
6 alkyl group, and an anion such as BF,, PFg’, ClO4 or CF3S05 is preferred.

[0038] As the organic solvent, a carbonate such as propylenecarbonate, butylenecarbonate, diethylcarbonate or
ethylmethylcarbonate, a lactone such as y-butyrolactone, sulfolane or acetonitrile may, for example, be preferably used.
They may be used alone or as a mixed solvent of two or more of them. For a use as a power source, in order to make
electroconductivity high and ion concentration high, a solution having from 1.0 to 2.0 mol/L of (CoH5)3(CH3)NPFg or
from 1.0 to 2.0 mol/L of (CoHs)3(CH3)NBF,4 dissolved in propylene carbonate as the main solvent is particularly pre-
ferred.

[0039] The structure of the electric double layer capacitor of the present invention is not particularly limited. However,
the cylindrical type prepared by winding a pair of strip electrode assembly having electrode layers on both sides of the
current collector, with a separator interposed therebetween, impregnating the electrolyte to the element and accommo-
dating to close the element in a bottomed cylindrical container, and an laminate type prepared by alternately laminating
a plurality of rectangular electrode assemblies having electrode layers formed on both sides of the current collector as
positive electrode assemblies and negative electrode assemblies with the separator interposed therebetween to form
an element, impregnating the electrolyte to the element and accommodating to close the element in a bottomed cylin-
drical container, are particularly preferred, since a large capacitance can thereby be obtained.

[0040] Now, the present invention will be described in further detail with reference to Examples. However, it should
be understood that the present invention is by no means restricted to such specific Examples.

EXAMPLE 1 (WORKING EKAMPLE)

[0041] Propylene glycol was added to a mixture comprising 80 wi% of a high purity activated carbon powder having
a specific surface area of 1,500 m?/g and an average particle size of 10 um, 10 wit% of carbon black and 10 wt% of
PTFE powder (in the present Example, it means a tetrafluoroethylene homopolymer), followed by mixing. The mixture
was extruded by using a monoaxial extruder by screw extrusion, followed by rolling by rolling rolls, and was dried by hot
wind to remove propylene glycol, and an electrode sheet having a thickness of 120 pm and a density of 0.64 g/cm® was
prepared. The surface of the electrode sheet was observed by SEM with a magnifying power of 10,000, and it was
found that at least 80% of the total volume of the PTFE fibers was occupied by PTFE fibers having a length of from 5
to 15 um and a diameter of from 0.03 to 0.05 um, and about 10 fibers existed per 10 um width. An electrode having an
area of 4 cm x 6 cm was cut from the electrode sheet.

[0042] The electrode was bonded to one side of a pure aluminum foil of a rectangular shape having a width of 4 cm,
a length of 6 cm and a thickness of 50 um, and having a lead terminal, by means of an electroconductive adhesive hav-
ing a polyamideimide resin as a binder, followed by heat curing of the adhesive to obtain an electrode assembly. Two
sheets of such electrode assemblies were prepared, and the electrode side of the electrode assemblies were faced
each other. A cellulose fiber separator having a density of 0.40 g/cm?®, a porosity of 74% and a thickness of 40 um, was
interposed between the electrode assemblies, which was then sandwiched between two glass plates having a thick-
ness of 2 mm, to obtain an element. Total thickness of the two electrode assemblies and the separator was 0.39 mm.
[0043] As an electrolyte, a solution having 1.5 mol/¢ of (CoH5)3(CH3)NBF, dissolved in propylene carbonate was
used. The element was subjected to vacuum heating for 3 hours at a temperature of 200°C, to remove impurities from
the element, and then it was impregnated with the electrolyte under vacuum and then accommodated to be closed in a
polypropylene rectangular bottomed cylindrical container, and an electric double layer capacitor was obtained. The vol-
ume of the element was measured, and then the direct current resistance and the capacitance were measured at a cur-
rent density of 20 mA/cm?, and the capacitance density and the resistance per unit area were calculated. The results
are shown in Table 1. The resistance per unit area is the sum of the resistances of the two electrode assemblies and
the resistance of the separator part. The sum of the resistances of the two sheets of electrode assemblies, and the
resistance of one sheet of the separator part were obtained from the relation between the direct current resistance of
the capacitor element having five sheets of the separators and the direct current resistance of the capacitor element
having one sheet of the separator. The sum of the resistances of the two electrode assemblies is shown in Table 1.
[0044] The energy density at an output density of 1600 W/L was obtained in a case of the discharging starting voltage
of 2.5 V and the discharging final voltage of 1.25 V. The results are shown in Table 1. The output density per volume
and the energy density per volume were obtained based on the capacitor element volume, and the volume for the ter-
minals or the housing was not taken into consideration.

[0045] In Table 1, the unit of the electrode thickness, the element volume, the element capacitance, the element resist-
ance, the element resistance per area, the electrode assembly resistance per area, capacitance density or the energy
density is um, cc, F, O, Q+cm?, Q+cm?, F/cc or WL, respectively.
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EXAMPLES 2 to 6 (WORKING EXAMPLES) AND EXAMPLES 7 to 10 (COMPARATIVE EXAMPLES)

[0046] The electric double layer capacitor was prepared in the same manner as in Example 1 except that the forming
conditions of the electrode sheet was changed and the thickness of the electrode sheet was changed as shown in Table
1, and the same evaluation as in Example 1 was conducted. The results are shown in Table 1 with Example 1.

[0047] Further, the relation between the thickness of the electrode sheets and the energy density (output density of
1,600 W/L) obtained from Examples 1 to 10, are shown in Figure 1.

EXAMPLE 11 (WORKING EXAMPLE)

[0048] Electrode sheets having a thickness of 130 um and a density of 0.67 g/cm® were prepared in the same manner
as in Example 1 except that a high purity activated carbon powder having a specific surface area of 1,800 m?/g and an
average particle size of 10 um was used. The electrode sheets were bonded to both sides of an aluminum foil current
collector having a thickness of 40 um by using an electroconductive adhesive having a polyamideimide resin as a
binder, followed by heat curing of the electroconductive adhesive to obtain a sheet having the electrode sheets and the
current collector integrated. 34 sheets of electrode assemblies having an effective electrode area of 6.3 cm x 12.3 cm
were obtained from the sheet. 17 sheets of the electrode assemblies as positive electrode assemblies and 17 sheets
of the electrode assemblies as negative electrode assemblies were alternately laminated with a glass fiber mat sepa-
rator (made of glass fibers having a maximum fiber diameter of at most 10 um, having a thickness of 160 um and a
porosity of 92%) interposed therebetween to form an element.

[0049] The laminated element was accommodated in a bottomed rectangular aluminum container having a height of
15 cm, a width of 7 cm and a thickness of 2.2 cm, sealed by laser welding by using an aluminum upper lid equipped
with a positive terminal and a negative terminal, and subjected to vacuum drying at a temperature of 200°C for 5 hours
keeping the inlet open, to remove impurities.

[0050] Then, a propylene carbonate solution having 1.5 mol/¢ of (CsHs)3(CH3)NPFg as an electrolyte was impreg-
nated to the element under vacuum, and a safety valve was arranged to the inlet, to prepare a rectangular electric dou-
ble layer capacitor having a width of 7 cm, a height of 15 ¢cm, a thickness of 2.2 cm and a weight of 380kg.

[0051] For the obtained electric double layer capacitor, the initial service capacity was 1,400F, and the internal resist-
ance was 2.8 mQ. The leakage current after charged with a voltage of 2.5V for 100 hours was 1mA. The capacitor was
charged with a voltage of 2.5V for 100 hours and then left in an open circuit at a temperature of 25°C, and left for 7 days,
thereby the holding voltage of the capacitor was 2.3V. The output energy density at a constant output discharging of
500 W/kg with a discharging starting voltage of 2.5V and the discharging final voltage of 1.25V was 1.7 Wh/kg. The
average current during discharging was 112A.

[0052] Then, charging and discharging at a constant current of 50A with a voltage of from 0 to 2.5V were repeated
for 50,000 cycles in a constant temperature chamber of 45°C, and the service capacity and the internal resistance after
the 50,000 cycles were measured, which were compared with the initial properties, and the long-term operation relia-
bility of the electric double layer capacitor was evaluated in an accelerated manner. The capacitance after the cycle test
was 1,370F, the internal resistance after the test was 2.9 mQ), and charging and discharging reliability with a large cur-
rent was high.

[0053] From the sheet prepared in the same manner as mentioned above, except that the electrode sheet was
bonded to only one side of the current corrector, two sheets of the electrode assemblies having an effective electrode
area of 4 cm x 6 cm were cut, and the separator(glass fiber mat) was sandwiched therebetween to prepare an electrode
in the same manner as in Example 1. Further, the same operations as in Example 1 were carried out, except that the
above-mentioned electrolyte was used as an electrolyte, to prepare an electric double layer capacitor. The direct current
resistance of the electric double layer capacitor was measured in the same manner as in Example 1. The resistance of
the separator part was 1.2 Q - cm? and the resistance of two sheets of the electrode assemblies was 4.3 Q » cm?.

Table 1
Electrode Element Element Element Element | Electrode Element Energy
Thickness Volume Capaci- Resistance Resist- Assembly Capaci- Density
tance ance per Resist- tance Den-
Area ance sity

Ex. 1 120 0.936 13.2 0.18 4.32 3.8 141 7.76
Ex. 2 100 0.840 11.0 0.17 4.08 3.6 13.1 7.41
Ex. 3 80 0.744 8.8 0.16 3.84 3.3 11.8 6.86
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Table 1 (continued)

Electrode Element Element Element Element | Electrode Element Energy
Thickness Volume Capaci- Resistance Resist- Assembly Capaci- Density
tance ance per Resist- tance Den-
Area ance sity

Ex. 4 140 1.032 15.4 0.20 4.80 43 14.9 7.87
Ex. 5 160 1.152 17.6 0.23 5.52 5.0 15.3 7.51
Ex. 6 180 1.224 19.6 0.27 6.48 6.0 16.0 7.24
Ex. 7 200 1.320 204 0.29 6.96 6.5 15.5 6.49
Ex. 8 250 1.560 25.0 0.36 8.64 8.1 16.0 4.97
Ex. 9 50 0.600 55 0.15 3.60 3.1 9.2 5.48
Ex. 10 60 0.648 6.6 0.16 3.84 3.3 10.2 6.00

[0054] As shown in Figure 1, the energy density varies depending upon the thickness of the electrode sheet made of
a porous layer. This is because the energy density is determined by the capacitance density of the element and the
resistance of the element. According to the present invention, it is possible to obtain an electric double layer capacitor
which has a high energy density and little self discharge and which is excellent in charging and discharging cycle dura-
bility.

[0055] The electric double layer capacitor of the present invention has low resistance and high capacitance density.
Therefore, making the capacitor having such a structure that a plurality of the positive electrode assemblies and the
negative electrode assemblies are alternately laminated with a separator interposed therebetween, or strip positive
electrode assemblies and negative electrode assemblies are wound with a separator interposed therebetween, the
electric double layer capacitor can be used as a capacitor for power source of at least 100F, further, at least 1000F.

Claims

1. An electric double layer capacitor comprising a positive electrode assembly and a negative electrode assembly,
each electrode assembly having a porous layer comprising a carbonaceous powder and a fluorine-containing pol-
ymer formed on at least one side of an aluminum foil current collector, the positive electrode and the negative elec-
trode being disposed so that the porous layer of the positive electrode assembly and the porous layer of the
negative electrode assembly face each other with a separator interposed therebetween to form an element, the ele-
ment being impregnated with a non-aqueous electrolyte and accommodated in a sealed container, wherein the
thickness of the porous layer is from 80 to 200 um, the thickness of the aluminum foil current collector is from 20 to
80 ury, the thickness of the separator is from 30 to 170 um, and the density of the porous layer is from 0.50 to 0.80
g/cm®.

2. The electric double layer capacitor according to Claim 1, wherein the porosity of the separator is from 60 to 95%.

3. The electric double layer capacitor according to Claim 1 or 2, wherein the fluorine-containing polymer is a poly-
tetrafluoroethylene.

4. The electric double layer capacitor according to Claim 1, 2 or 3, wherein the resistance per unit area of the elec-
trode assembly is from 3 to 9 Q - cm? and the resistance per unit area of the separator is at most 2 Q - cm?.

5. The electric double layer capacitor according to Claim 1, 2, 3 or 4, wherein the porous layer comprising fibers made
of a fluorine-containing polymer, having a diameter of at most 0.1 ym and a length of at least 2 um and forming a
network structure, and a carbonaceous powder being supported by the network structure.

6. The electric double layer capacitor according to Claim 5, wherein in the network structure, atleast 50 % of the fibers
are fibers having a diameter of from 0.01 to 0.05 um and a length of from 3 to 20 um.

7. The electric double layer capacitor according to Claim 5 or 6, wherein in the network structure, from 2 to 20 fibers
exist per 10 um width in a direction perpendicular to the longitudinal direction of the fiber.
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The electric double layer capacitor according to any one of Claims 1 to 7, wherein the fluorine-containing polymer
is contained in the porous layer in an amount of from 5 to 20 wi%.

The electric double layer capacitor according to any one of Claims 1 to 8, wherein the porous layer is made of a
sheet formed by extruding a mixture comprising a carbonaceous powder, a fluorine-containing polymer and a
processing aid by screw extrusion, followed by rolling by rolling rolls.

The electric double layer capacitor according to any one of Claims 1 to 9, wherein the specific surface area of the
carbonaceous powder is from 700 to 2500 m?/g.
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